High-order modulations are essential to improve the bandwidth efficiency of communication systems. However, such modulated signals with large envelopes are typically sensitive to the non-linear distortion caused by high power amplifiers (HPAs) in the transponder of satellite channels. In this paper, a new nonequiprobable constellation is designed to combat the non-linear effects of HPAs. We use non-uniformly distributed symbols to construct the appropriate high-order constellation for non-linear satellite channels. The nonequiprobable symbols are generated using the non-linear mapping method, which specifically consists of expansion mapping, symbol decomposition, permutation, and combination. Moreover, the demapping method adapting to the designed nonequiprobable constellation is also discussed. The simulation results show that the proposed scheme has considerable performance improvements compared with the traditional equiprobable constellations over the non-linear satellite channel.
Introduction
As the demand for data volume and spectral efficiency in satellite communications is increasing steadily, the use of high-order modulations has become quite essential [1] [2] [3] . Considering the power limitation of the satellite, the high power amplifier (HPA) in the transponder of satellite channels often operates near the saturation point to improve the power efficiency [4, 5] . However, due to the non-linear transfer characteristics of the HPA, non-linear distortion is introduced in the form of constellation warping and clustering at the receiver when high-order modulated signals with large envelopes are used for transmission [6] [7] [8] .
Constellation design is an important approach to overcome the impact of non-linear distortion in satellite communications [9] [10] [11] . There have been numerous geometric and probabilistic proposals for the constellation optimization in the literature. The geometric proposals include devising the constellation shape [12] , the position, and the separation of the constellation points [13, 14] . However, these methods have high complexity in designing specific high-order constellations. The probabilistic proposals refer to modifying the probability of different constellation points. It has been proven theoretically that the optimal probability distribution can effectively approach the Shannon capacity limit [15] [16] [17] . The nonequiprobable constellation can be generated using signal superposition [18] , or by combining forward error correction (FEC) with shaping, i.e., shaping before or after FEC. A distribution matcher is concatenated with a systematic FEC encoder in [19] for probabilistic shaping. The approaches in [20] [21] [22] are all examples of the shaping after FEC. The authors in [20, 21] used the many-to-one mapping to generate nonequiprobable constellations, where different junks of bits are mapped to the same constellation point. However, these schemes are known to perform poorly, as the introduced ambiguity has to be compensated by more complicated processing at the receiver, e.g., iterative demapping and decoding. The authors in [22] designed a shaping encoder after FEC which outputs '0' more frequently than '1', and mapped some of the bits directly to achieve a nonequiprobable distribution. However, this scheme still requires the complicated iterative demapping and decoding among the demodulator, shaping decoder, and the decoder.
In this paper, we propose a new high-order nonequiprobable constellation design method, which is particularly suitable for the non-linear satellite channel. We also use the non-uniformly distributed symbols and one-to-one mapping to generate the nonequiprobable constellation. Different from the shaping method of constructing a codebook with lowest possible Hamming weight to produce '0' more frequently than '1' in [22] , we propose a non-linear mapping method to generate a much larger symbol set with multiple probabilities and further perform the permutation and combination to obtain more diverse probabilistic mapping symbols to match the constellation points with different amplitudes. The proposed scheme does not need to iterate between the decoder and demodulator. We design a non-linear mapping method to generate nonequiprobable symbol outputs and the constellation at the transmitter. Then, we provide a demapping method for the designed nonequiprobable constellation at the receiver. The simulation results demonstrate that the proposed scheme can provide the performance gain in terms of signal-to-noise ratio (SNR) efficiency over the non-linear channel.
The rest of this paper is organized as follows. Section 2 describes the system model using the proposed nonequiprobable constellation over the non-linear channel. Section 3 introduces the designed nonequiprobable high-order constellation and the non-linear mapping method for generating the nonequiprobable symbols. Section 4 gives the demapping method adapting to the proposed nonequiprobable constellation. Section 5 presents the simulation results and analysis. Finally, Section 6 concludes the paper. Figure 1 illustrates the communication system model using the proposed nonequiprobable constellation over the non-linear channel. First, the uniformly distributed information bits/symbols are encoded at the transmitter. Then, the codewords are extendedly mapped and further processed into the nonequiprobable symbols. Finally, these symbols are mapped to generate the nonequiprobable constellation. The non-linear channel N L consists of the concatenation of the transmit filter, the non-linear amplifier, and the receive filter. Both the transmitter and receiver use the identical matched square root raised cosine (SRRC) filters [23, 24] . Assume that the transmitted signal is narrow-band relative to that of the satellite transponder and the coherent detection is perfect [25] . The non-linear effect is described by the Saleh model with the amplitude-amplitude (AM/AM) and amplitude-phase (AM/PM) conversions [26] . The input is represented as
System Model
and the output of the non-linear channel can be represented as
where y (t) is the received signal, r (t) and φ (t) are the amplitude and phase of the modulated signal, respectively, n (t) is the complex-valued additive white Gaussian noise (AWGN) with zero mean and variance N 0 /2 per dimension [27, 28] . A [r (t)] and Φ [r (t)] are the AM/AM and AM/PM conversions of the non-linear model, expressed as Equations (3) and (4), respectively [26] .
and the parameters are set to α a = 2, β a = 1, α φ = π/3, β φ = 1 [20, 29] . At the receiver, the signal y (t) is further processed by the soft demapping method to calculate the likelihood of each symbol. Finally, these soft metrics are sent to the decoder to recover the original information [30, 31] .
Nonequiprobable Constellations for Non-Linear Satellite Channels
In this section, we take the 64-level quadrature amplitude modulation (QAM) as an example to design and generate the nonequiprobable high-order constellation suitable for non-linear satellite channels. The nonequiprobable constellation is designed according to the non-linear distortion characteristics of the signal points [20, 32] . The non-linear mapping method is also proposed to generate nonequiprobable mapping symbols, which specifically consist of expansion mapping, symbol decomposition, permutation, and combination. The proposed non-linear mapping method can convert the uniformly distributed information bit/symbol inputs into the non-uniformly distributed mapping symbol outputs, thereby constructing the appropriate nonequiprobable constellation.
Design of Nonequiprobable High-Order Constellations
We first design the constellation S and the probability P (s l ) of signal points s l ∈ S for l = 0, 1, · · · , 63 over the non-linear channel. Figure 2 illustrates the AM/AM and AM/PM conversions of the 64-QAM constellation at different input back off (IBO) values. It can be seen that for a high IBO value, the amplifier works near the linear region and the distorted constellation points are close to the original points. When the IBO decreases, the system works in the non-linear region and the constellation points are squeezed together, which would result in very serious non-linear distortion. In addition, it can also be seen from Equations (3) and (4) that the AM/AM and AM/PM conversions are mainly related to the amplitude [33, 34] . Therefore, different probabilities can be designed for signal points with different amplitudes to achieve the non-uniform probability distribution of the constellation.
According to the analysis of the non-linear distortion characteristics of the equiprobable constellation, the design principles of the nonequiprobable constellation are listed as follows.
1.
Signals with large amplitudes should be used less frequently.
2.
Signals with small amplitudes should be used appropriately frequently.
Principles 1 and 2 are both considerations for constellation shaping gain over non-linear channels. If principle 1 is satisfied, the average signal energy will be reduced. Hence, the nonequiprobable constellation suffers from less distortion than the equiprobable one. In addition, all the outer points are squeezed together for both cases, but the distance among the inner points of the nonequiprobable case is larger than that of the equiprobable one [20] , so that principle 2 helps to demap more correctly. Therefore, a nonequiprobable constellation designed in this way can be expected to achieve better overall performance.
The in-phase component I and the quadrature component Q of the 64-QAM constellation, which satisfy I, Q ∈ {±1, ±3, ±5, ±7}, constitute a total of nine amplitudes. If the amplitude is expressed as
Considering the above principles, we give a design example of the non-uniform probability distribution shown in Table 1 , i.e., the probability and the number of signal points with different amplitudes. 
Nonequiprobable Symbols Adapt to the Nonequiprobable Constellation
In order to generate nonequiprobable symbol outputs approximately distributed with the desired distribution in Table 1 , we proposed the non-linear mapping method. The proposed scheme is illustrated in Figure 3 .
First, the expansion mapping is performed to make the probability distribution of the elements '0' and '1' in the codeword uneven. Hence the one-to-one non-linear mapping from 4-bit symbols to 6-bit symbols is designed, where the 4-bit symbol and the 6-bit symbol are represented as s c and s e , respectively. Then, the decomposition means that each 6-bit symbol s e is decomposed into two 3-bit sub-symbols, and sub-symbols with non-uniform probability distribution can be obtained. Finally, the sub-symbols are further permuted and recombined in pairs to generate the new 6-bit symbols s p with more diverse probabilities, which are then mapped to generate the designed nonequiprobable constellation. Taking the probability distribution in Table 1 as the objective, the specific feasible example of non-linear mapping is presented as follows. First, we design the expansion mapping. χ m ∈ {0, 1, · · · , 63} for m = 0, 1, · · · , 15 is selected from all 6-bit symbols as the expansion mapping symbol set for one-to-one mapping. The expansion mapping relations from s c to s e are shown in Table 2 as an example, and the probability of each 4-bit symbol s c and 6-bit symbol s e is 1/16. The design of expansion mapping is not unique, it only needs to satisfy that the sub-symbols after performing the next symbol decomposition step can conform to a certain non-uniform distribution. R ), where sub-symbols s L and s R respectively correspond to the left and the right 3 bits of the 6-bit symbol s e , i = 0, 1, · · · , N − 1 and N is the total number of symbols. Then the probability of sub-symbols is given by
where c n (n = 0, 1, · · · , 7) represents the sub-symbol set, χ m (m = 0,1, · · · , 15) represents the expansion symbol set, and P(s (i) e = χ m ) = 1/16. After the 6-bit symbols s e in the set χ m are decomposed, for example, the sub-symbol '000' appears six times while the sub-symbol '010' does not appear, so their probability is 6/32 (0.1875) and 0, respectively. The probability of other sub-symbols can also be calculated. Thereby, the certain non-uniform probability distribution of sub-symbols shown in Table 3 can be obtained. Third, perform the permutation, that is, the sub-symbols are randomly interleaved. Finally, recombine the permuted sub-symbols in pairs to obtain nonequiprobable 6-bit mapping symbols s
. Figure 4 illustrates the probability distribution of different symbol variables during the process of generating nonequiprobable symbol outputs. The symbol variables on the horizontal axis are expressed in decimal for convenience, and the probability corresponding to each symbol variable is given on the vertical axis. After the expansion mapping, the probability of each 6-bit symbol s e selected into the expansion symbol set is the same as that of the 4-bit symbol s c , which is 1/16, and the probability of other unselected 6-bit symbols is 0. Therefore, the expansion mapping step achieves a non-uniform probability distribution for the first time. Then, since the occurrence frequency of the sub-symbols is different in the designed expansion symbols s e , the non-uniformity of the probability for the sub-symbols is more obvious after the symbol decomposition. Furthermore, after the permutation and combination, symbols with more various probabilities can be obtained, which can be mapped to the signal points with different amplitudes shown in Table 1 to generate the nonequiprobable constellation. Figure 5 displays the constellation probability distribution of the design object shown in Table 1 , while the right one illustrates the probability distribution of the feasible example actually mapped by the nonequiprobable symbols, which are generated using the non-linear mapping method. It can be seen that the probability distribution proved by the feasible example is essentially consistent with the design object. 
Demapping Method for the Nonequiprobable Constellation
The estimated symbols associated to the transmitter are denoted asŝ p ,ŝ L ,ŝ R ,ŝ e , andŝ c at the receiver. The demapping method adapting to the proposed nonequiprobable constellation is illustrated in Figure 6 . First, according to the reference [20] , since the Gaussian noise is added to the transmitted signal after non-linear conversions, the channel transition probability can be expressed as
where j = 0, 1, · · · , N − 1, s k (k = 0, 1, · · · , 63) is the distorted signal point on the designed constellation, andŝ
Then, the likelihood value of the sub-symbolŝ L orŝ R can be calculated as
where P (s k ) corresponds to the prior probability for signal points of the constructed nonequiprobable constellation. Similarly, the likelihood value ofŝ (j) R can also be calculated by replacingŝ
R in Equation (7) . Although P (s k ) exists in both the numerator and denominator terms of Equation (7), the prior probabilities of the signal points in the nonequiprobable 64-QAM constellation are different, so they cannot be omitted.
Next, after the inverse process of the permutation and combination at the transmitter, we calculate the likelihood ofŝ
where χ m = (c a , c b ), m = 0, 1, · · · , 15 and 0 ≤ a, b ≤ 7. Finally, the symbol likelihood value ofŝ (i) c can be obtained by one-to-one expansion demapping, which is denoted as
where m = 0, 1, · · · , 15 is the decimal form of the 4-bit symbol s c . The symbol likelihood can be used directly or converted to the bit likelihood for decoding. The demapping method is summarized in Algorithm 1.
Algorithm 1: Demapping algorithm
Input: The received signalŝ 
Simulation Results
This section investigates the bit error rate (BER) comparison of the proposed nonequiprobable constellation, conventional equiprobable 64-QAM constellation and 64-level amplitude phase shift keying (APSK) constellation which has four concentric rings and each ring consists of 16 points [35] . We use the low-density parity-check (LDPC) code with equiprobable 64-QAM or 64-APSK signal sets, and the non-binary LDPC (NB-LDPC) code over the Galois Field GF(16) with a nonequiprobable signal set. In this way, the symbol likelihood from demapping can be directly used to decode the NB-LDPC code. The non-linear mapping of the nonequiprobable signal set has a mapping from 4-bit to 6-bit, which is equivalent to occupying a code rate of 2/3. Therefore, in order to compare fairly, the rates of the LDPC codes used for equiprobable and nonequiprobable signal sets are set to 1/2 and 3/4, respectively; hence, their equivalent code rates are both 1/2. The code length of the LDPC code is 2304 bits and the code length of the NB-LDPC code is 576 symbols, also 2304 bits. The parity check matrix of NB-LDPC codes has a row weight of 8 and a column weight of 2, and the non-zero elements in each row are chosen randomly from the set {1, 2, · · · , 15} over GF (16) . Figure 7 shows the BER comparison of the proposed nonequiprobable (nep) 64-QAM constellation, traditional equiprobable (ep) 64-QAM and 64-APSK constellations over the non-linear channel at different IBOs of 0 dB, 3 dB, and 6 dB. When the IBO is 0 dB or 3 dB, the power amplifier is considered to work in or around the non-linear region. Considering that the nonequiprobable 64-QAM constellation is less influenced by the non-linear distortion while the performance of the equiprobable constellations deteriorates greatly, its overall performance is superior to the traditional equiprobable constellations. As shown in Figure 7 , when the IBO is 3 dB, the proposed nonequiprobable constellation gains 0.55 dB and 0.2 dB compared to the equiprobable 64-QAM and 64-APSK constellations at BER = 10 −5 . When the IBO is 0 dB, we can even achieve improvement of 0.75 dB and 0.25 dB, respectively, which is attributed to the better adaptation to the non-linear distortion of the proposed nonequiprobable constellation. When the IBO is 6 dB, we observed that the proposed scheme does not work well.
On the one hand, although the equivalent code rates are the same, the (4, 6) non-linear mapping of the nonequiprobable signal set is designed for the non-uniform probability but could not be explicitly designed for error correction, so its overall error correction performance may be worse than the equiprobable signal set. On the other hand, the power amplifier at this time is considered to work close to the linear region, so the advantage of the nonequiprobable constellation for adapting to the non-linear distortion is less obvious. Hence the proposed scheme does not perform well at large IBOs, and the same is true for linear channels, as shown in Figure 8 . In general, the proposed nonequiprobable constellation is especially applicable for scenarios with extremely severe non-linear distortion. 
Conclusions
In this paper, we designed a nonequiprobable constellation adapting to the non-linear distortion characteristics of the high power amplifier in satellite channels. First, we introduced a non-linear mapping method to generate the non-uniformly distributed symbol outputs, which specifically included expansion mapping, symbol decomposition, permutation, and combination, and used a one-to-one mapping to construct the target nonequiprobable constellation. Then, we provided the demapping method corresponding to the designed nonequiprobable constellation at the receiver. The simulation results illustrate that the designed nonequiprobable constellation is particularly suitable for scenarios with extremely severe non-linear distortion, and that it can effectively enhance the overall BER performance by adapting to the non-linear effects.
